Three different stereoisomers of a phosphatidic acid analog bearing two phosphate groups have been synthesized from tartaric acid and erythritol. The obtained diastereomeric gemini surfactants differ in their aggregation behavior due to the different spatial orientations of their functional groups. The most remarkable difference in aggregation behavior is encountered when calcium ions are added to vesicle suspensions of the respective isomers. The vesicles formed from the (S,S) and (R.R) isomer undergo fusion, whereas those of the (R,S) isomer show vesicle fission. This remarkable behavior can be explained by a change in the molecular packing of the lipid molecules upon the complexation with calcium ions. An analysis of physical data obtained prior to and after the addition of the calcium ions reveals that the head groups of the diastereomeric surfactants respond differently to these ions: those of the (S,S) isomer increase in size, whereas those of the {R,S) isomer decrease in size. This phenomenon accounts for occurrence of fusion and fission of the vesicles, respectively.
Introduction
Cell fusion and fission processes are thought to proceed through the binding of calcium ions to acidic phospholipid molecules present in the cell membrane.1 Most of these lipids contain only one phosphate group, and calcium binding most probably induces dimer formation.2 These dimers form solid domains in the fluid membrane, allowing other lipids to express their tendency to form nonlamellar structures, leading to the generation of a hexagonal phase as an intermediate state in the fusion or fission process. The effect of calcium and other divalent ions on the aggregation behavior of pure as well as mixed native phospholipids has been studied extensively.1-3 More recently,4 vesicle fusion has been demonstrated for synthetic phospholipids after addition of calcium ions. Cytomimetic organic chemistry has shown furthermore that aggrega tion, fusion, fission, and budding processes can be accomplished S0002-7863(96)02303-7 CCC; $14.00 in vesicles of cationic surfactants,5 and that the autocatalytic hydrolysis of oleic anhydride in oleic acid vesicles even can yield a self-reproducing system.6
A study of the influence of calcium ions on vesicle systems of surfactants containing acidic phosphate functions seems the most direct approach to the understanding of the mechanisms of the fusion and fission processes in living cells. In most cases, however, the precipitation of their calcium complexes limits the utility of pure acidic phospholipids in mimicking these processes. In this context, the influence of calcium ions on the aggregation behavior of the phosphatidic acid analogs 1 is of interest. These compounds, which also exhibit carries reducing activity,7 are structurally related to phosphatidic acid but have two, instead of one, phosphate groups. Surfactants of this type are called gemini surfactants and are currently receiving great interest.8 The formation of 1:1 complexes, rather than dimers, could be expected upon addition of calcium ions to the aggregates of these compounds.
In this paper the synthesis of the stereoisomeric compounds la -c and their aggregation behavior in water is reported. It will be shown that the addition of calcium ions strongly affects the self-assembling properties of these surfactants and that vesicles prepared from lb or lc can be used to mimic the fusion and fission processes of cells. These compounds do not immediately precipitate after calcium binding, due to the presence of the two phosphate groups, and the processes of both fusion and fission can be monitored by electron microscopy. A 
discussion of the mechanisms of these processes based on the shape and physical properties of the aggregates before and after addition of the calcium ions is presented.
Results and Discussion
Synthesis. Compounds 1 were synthesized by acylation and subsequent phosphorylation of the respective secondary diiodo alcohols in order to avoid both acyl migration1 ' and cyclic phosphate formation.10 Diiodobutanediols 4 were prepared from the corresponding 2,3-isopropylidene-l,4-ditosylates 2 (Schemes 1 and 2 ).
The optically active ditosylates 2a,b were obtained from D-(-)-and L(+)-tartaric acid, respectively, using literature pro cedures (Scheme I ).11-13 The conversion of 2a,b into the corresponding diiodides 3a,b using sodium iodide in butanone proceeded smoothly, and mild hydrolysis with trifluoroacetic acid in aqueous methanol afforded the diols 4a,b in 97% overall yield.
Meso compound 2c was obtained (52%) from erythritol by selective tosylation of the primary hydroxyl groups and subse quent protection of the secondary hydroxyl groups using 2 ,2- . In contrast to other systems,50 the clustering of the vesicles is probably not the rate limiting factor, since after two hours the fusion process was still not complete ( Figure If) . DSC experiments showed that the addition of calcium ions caused an increase in the gel to liquid-crystalline phase transition temperature (Table 1) . The transition entropy, calculated from these data, decreased remarkably from 0.3 J/(g*K) to 0.03 J/(g-K), indicating drastic changes in the organization of the bilayer.
Cast films of 0.1% (w/w) dispersions of the (S,S) isomer lb were found to consist of intercalated bilayers with a thickness of 38 ± 2 Â, as determined from the higher order reflections in wide angle powder diffraction patterns.18 A different diffraction pattern was obtained after addition of calcium ions, but analysis of the data indicated the same bilayer thickness
Sonication of aqueous dispersions of meso compound lc led to the formation of unilamellar vesicles with a diameter of 50-100 nm (Figure 2 ). After addition of calcium ions, fission of the vesicles occurred, leading to the formation of much smaller vesicles with diameters of 10-25 nm. This process was found to be relatively fast, compared with the fusion process described above, being complete after 20 min. During this process, irregular curved structures were formed, from which small vesicles were blebbing off. These vesicles transformed into tubular structures with a length of several micrometers and a diameter of approximately 10-20 nm (Figure 2f ) on being set aside for several days.
Dispersions prepared from lc displayed a gel to liquidcrystalline phase transition at 38 °C in DSC experiments (Table  1) . These vesicles contained bilayers with a thickness of 38 ± 2 Á according to powder diffraction data, indicating an intercalation of the hydrocarbon chains, similar to the structures formed from lb. The addition of CaC^ led only to a minor shift of the phase transition temperature, but a distinct decrease in transition entropy was observed (Table 1) . A bilayer thickness of 66 ± 1 Â was calculated from powder diffraction data, which suggests a reorganization of the lamellae resulting in a normal nonintercalated bilayer structure.
Monolayer Experiments. Monolayer experiments were then performed with 1 in order to gain insight into the effect of calcium binding on the size of the polar head groups of these surfactants. Meso compound lc, after being spread on an aqueous subphase, occupied a smaller area than (S,S) isomer lb (Figure 3a and 3c) . The Ü-A diagram of lb showed a plateau starting at 45 Â2 per molecule and after further compression again an increase in surface pressure. This plateau may be interpreted as the result of a collapse of the monolayer since the minimum area to which two alkyl chains can be compressed amounts to approximately 38 Â2. Brewster angle microscopy20 did not give evidence for a collapse in this region; however, a continued densification of the surface was observed. This might be explained by a gradual formation of a bilayer, which is supported by the increase in surface pressure upon further compression and the observation of a collapse at an area of approximately 20 Â2 per molecule.
Information about the most favorable spatial orientation of the respective substituents in the various conformations of compounds lb and lc can be obtained from an analysis of their (20) Chem. Soc., Vol. 119, No. 19, 1997 4341 CirH-sfp0 O Newman projections (Figure 4) . The conformations i and iv, in which the ester groups are positioned anti, can be neglected, since they would be unfavorable in terms of hydrocarbon chain organization. Thus, for (S,S>lb the remaining conformations may have either a gauche (ii) or an anti (Hi) orientation of the phosphate groups. The latter, although more sterically demand ing, will be more favorable, since it will have the lowest degree of electrostatic repulsion. For the (R,S) isomer lc both v and vi will lead to a gauche orientation of the phosphate groups. This explains the relatively small molecular area occupied by this molecule as compared to lb. Both conformations v and vi of lc lead to an overall "L"-shape for the molecule, whereas the anti conformation iii of lb leads to a "T "-shape. The isotherms of lb and lc revealed a remarkable difference in the response toward the addition of calcium ions (Figure 3b and d). When a subphase containing 1.0 mM calcium chloride was used instead of water, the molecular area of (R,S) isomer lc decreased, whereas the (S,S) isomer lb showed a surprising increase in area per molecule.
These findings can be explained by the binding of a calcium ion to two phosphate groups of the same molecule in the case of lc (Figure 5b ), leading to a more compact conformation of the molecule, and the intermolecular binding to two phosphate groups of different molecules in the case of lb (Figure 5a) . The latter will lead to a polymeric type of structure giving rise to a more stretched-out conformation with a larger molecular area.
These differences in behavior upon binding of calcium ions may be rationalized by considering again the differences in geometric orientation of the phosphate groups in these two diastereomeric compounds. The meso compound lc will be a better chelating agent than lb, due to its preference for gauche conformations as discussed above. Compound lb prefers a conformation iii in which the two phosphate groups are antipe ripianar.
Discussion of the Mechanisms of Fusion and Fission.
The physical data obtained from the experiments described above can also be used to rationalize the difference in response during addition of calcium ions to vesicle dispersions of the respective diastereomers. The assumed formation of a polymeric type of complex (Figure 5a ) will stabilize the membrane structure of lb, allowing larger aggregates to be formed. A reduction in surface charge will decrease electrostatic repulsion between the vesicles. Aggregation ( Figure 6B-I) may then lead to the formation of intervesicular calcium complexes ( Figure 6B-II) . Subsequent withdrawal of the outer bilayer halves ( Figure 6B - Figure 5 . Proposed bilayer structures in the case of (A) lb and (B) lc after addition of calcium ions. Intermolecular complexation of calcium ions (A) gives rise to a more stretched out conformation of the head groups, whereas intramolecular complexation (B) of calcium ions gives rise to a more compact conformation.
Ill) and merging of the two inner halves will produce a new intercalated bilayer ( Figure 6C ). Cleavage of this bilayer eventually yields the new vesicle ( Figure 6D ).
Chelate formation decreases the molecular area of lc, leaving insufficient space to accommodate four hydrocarbon chains. This will destabilize the intercalated structure of the original bilayer (Figure 7 ). Transformation to a normal lamellar structure will, because of the conical shape of the molecules, lead to the formation of strongly curved bilayer fragments which are thermodynamically unstable ( Figure 7B ). Smaller vesicles with a lower degree of hydrocarbon chain packing are formed by the blebbing off of these fragments ( Figure 7C -E) . These vesicles will adopt a thermodynamically more stable organiza tion upon standing, resulting in the formation of tubular structures.21
In the case of compound lb, intermolecular complexation will cause an increase in molecular area as the molecules have to adopt a more stretched-out conformation. Since no change in the thickness of the bilayer was observed, it must be concluded that this process leads to a lower degree of hydro carbon chain packing.22 This disorder in the bilayer interior will render the aggregates more fluid and will prevent the precipitation of the complexes. With compound lc the forma tion of a calcium complex will lead to a smaller spatial demand . Schematic representation of a possible mechanism for the fission of vesicles of lc after the addition of calcium ions: (A) intercalated bilayer before addition of calcium ions, (B) decrease of the head group size causes a transformation to a highly curved, nonintercalated bilayer, (C) reduced electrostatic repulsion alows contact of the head groups from different parts of the inner bilayer half, (D) head groups of the molecules will redirect to the aqueous phase which, by merging of the bilayers, (E) leads to the blebbing off of a small vesicle.
of the lipophilic part since the alkyl chains are no longer intercalated and hence to the formation of aggregates with a low hydrocarbon chain organization in the interior of the bilayer.22 No precipitation of the complex is observed initially, but precipitation occurs after several days when the vesicles have transformed into the more stable tubular structures.
Conclusion
The experiments described above, reveal that these new gemini surfactants may serve as interesting models for biomem branes. The introduction of an extra phosphate group has a dramatic effect on both the aggregation behavior and on the calcium binding properties of the phosphatidic acids. The increase in the size of the head group leads to the formation of intercalated bilayers from the three different stereoisomers of 1. The difference in orientation of the phosphate groups in the meso and the (S,S) diastereomers of 1 leads to a remarkably different response toward calcium ions. Apparently (S,S) compound lb is not able to form a stable 1:1 chelate for steric reasons but preferentially forms a linear polymeric complex. This eventually leads to fusion of the vesicles. Due to (22) The reflection in the 4.0-4.5 Â region represents the side of a cell in the hexagonal lattice in which the hydrocarbon chains are packed. For both compounds a broadening in this reflection is observed after addition of calcium ions. This is indicative of a distorted hydrocarbon chain packing, see: (a) Gulik-Krzywicki, T.; Rivas, E.; Luzzati, V. J. Mol. Biol. 1967, 27, 303. (b) Tardieu, A.; Luzzati. V. J. Mol. Biol. 1973, 75, 711. (c) (Table 1) .
conformational preferences compound lc forms a 1:1 chelate, which leads to a destabilization of the intercalated bilayer. A transition to a normal lamellar structure restores the bilayer but requires a highly curved surface, which leads to the fission of the vesicles.
Due to the large head group size of the described phospholipid molecules, which arises from the introduction of a second phosphate group, the calcium complexes show a poor hydro carbon chain packing. As a result of this, the lamellar structures, formed upon dispersion in water, do not immediately precipitate upon addition of calcium chloride as observed in the case of phosphatidic acids. This enabled the monitoring of the processes of both vesicle fusion and vesicle fission. It was possible to present mechanistic models for the shape of the molecular assemblies during these processes based on the physical data of the aggregates prior to and after addition of calcium ions.
The described vesicular systems show that a small alteration in the orientation of functional groups can give rise to a big change in response to external signals. These experiments demonstrate furthermore that the observed changes in lipid morphologies can be brought about without the action of complex mechanisms involving intermolecular or intercellular interactions but simply by altering the conformational properties of the molecules involved. These insights may be useful in understanding cell fusion and fission processes which are believed to be initiated by similar calcium induced alterations in head group size and the consequent changes in the confor mational characteristics of the molecules involved. (26) Due to the hygroscopic character of these compounds varying amounts of water of crystallization had to be taken into account. The purity of these compounds was further checked by HPLC (Partisil SAX column, UV detection at 215 nm, eluent: 0.1 M KH2PO4/H3PO4 buffer of pH = 3).
Electron Microscopy. Freeze-fractured samples were prepared by bringing a drop of the dispersion onto a golden microscope grid (150 mesh), placed between two copper plates and fixated in supercooled liquid nitrogen. Sample holders were placed in a Balzers Freeze Etching System BAF 400 D at 10"7 Torr and heated to -105 °C. After fracturing, the samples were etched for 1 min (AT = 20°), shaded with Pt (layer thickness 2 nm), and covered with carbon (layer thickness 20 nm). Replicas were allowed to warm up to room temperature, left on 20% chromic acid for 16 h and rinsed with water. Negatively stained samples were prepared by bringing a drop of the dispersion onto a Formvar coated copper grid, kept at 4 °C. After 2 min the excess of dispersion was removed, and the sample was stained with a 2% (w/w) uranyl acetate solution.
After preparation the grids were allowed to dry and studied under a Philips TEM 201 microscope (60 kV).
DSC. Thermograms were recorded using a Perkin & Elmer DSC7 instrument. Samples were prepared as described above. Typically 50 /<L was transferred into a stainless steel large volume pan (75 //L) and left overnight. After incubation for 15 min at 0 °C, heating runs were recorded from 0-100 °C.
Powder Diffraction. Samples were prepared in a desiccator, by placing a drop of the suspension on a silicon single crystal. Subsequent evacuation caused the freezing of the sample, and after sublimation of the ice the sample was placed in a Philips PW1710 diffractometer equipped with a Cu LFF X-ray tube operating at 40 kV and 55 mA. Experiments were carried out between 3 and 60°, using a step width of 0.005°.
Monolayer Experiments. Isotherms were recorded on a thermostated, home-built trough (140 x 210 mm). The surface pressure was measured using Wilhelmy plates mounted on a Trans-Tek transducer (Connecticut USA). On the subphase 150 uL of a chloroform solution (0.3-0.5 mg/mL) of the surfactant was spread and allowed to evaporate for 10 min. The rate of compression was 7.0 cm2/min. The surface of compressed monolayers was studied with a Brewster Angle Microscope (NFT BAM-1) equipped with a 10 mW He-Ne laser with a beam diameter of 0.68 mm operating at 632.8 nm. Reflections were detected using a CCD camera, and images were recorded on a Panasonic superVHS video recorder.
